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Raman spectra of GexAsySe100-x-y  (0 ≤ x ≤ 30; 10 ≤ y ≤ 40) glasses have been studied at 
room temperature. Three sets of samples were investigated; it was revealed that they are  
qualitatively differing by shape of their spectra. The structure model was proposed for 
glasses of each set. The selection of the glasses on the sets with the same structure type 
can be made using the formal parameter ─ the mean coordination number <m> (the 
mean number of covalent bonds per atom): i) 2.1 ≤ <m> ≤ 2.51 ( polymeric structure); 
ii) 2.51 < <m> ≤ 2.78 (molecular-cluster structure); iii) 2.78 < <m> ≤ 3 (network 
structure).  
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1. Introduction 
Chalcogenide glasses (CG) are 
widely used in technological 
applications such as infrared optical 
elements, acousto-optic and all-optical 
switching devices, holography 
recording media etc [1 ─ 6]. 
Information on the short-range order 
structure of chalcogenide glasses is 
particularly valuable in order to 
establish useful correlations between 
their structural and macroscopic 
properties [7, 8]. Moreover, the unique 
nature of glassy state is one of the most 
interesting and contradictory problems 
in solid state physics until recently. 
When studying glassy materials one 
faces with two principal difficulties. 
One is the absence of the general theory 
of a non-crystalline state, and the other 
is that the every traditional experimental 
probe of structural study "by itself does 
not yield a unique interpretation" [7]. 
As a consequence, the variety of 
structure models [8-17] were proposed 
for glassy materials. Sometimes they are 
in contradictory with each other (for 
example, Ref. [8] and [11]).  
Chalcogenide glassy alloys are 
attractive for theoretical and 
experimental study. Being essentially 
covalent materials [11, 18],  they may 
be served as the model objects. Just this 
feature of chalcogenide glasses made 
possible to develop the topological 
concepts of their structure [11, 12, 14, 
19]. For example, the theoretical 
approach based on valence-force field 
approximation [19] had been fruitfully 
applied for description of the elastic 
properties of CG. The topological 
theories use the general parameter 
called the theoretical mean coordination 
number <m> (<m> = 2 + 0.02⋅x + 
0.01⋅y for GexAsySe100-x-y - like glasses), 
which governs the glass structure 
independent on atomic constituents. 
Including this parameter in the 
theoretical description of glasses is 
undoubtedly very useful, for the first 
time, because of appearing possibility of 
classifying the physical properties of 
glassy alloys differing in composition in 
the framework of one theoretical 
approach. Two topological phase 
transitions: from one-dimensional (1D) 
to two-dimensional (2D) structure at 
<m>1c ≈ 2.4, and further to three-
dimensional (3D) one at <m>2c ≈ 2.67 
were reported [14, 20, 21] for 
chalcogenide multicomponent glasses 
as a result of their experimental studies. 
At the same time, the authors [22, 23, 
24, 25] have obtained another values for 
<m>1c and <m>2c. The most interesting 
range of <m> is <m> ≈ 2.4 ÷ 2.67, 
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where the very different dependencies 
of glasses physical parameters on <m> 
were observed even for different cross-
sections of the same glass-forming 
system [20]. Earlier [26] we have 
studied the elastic properties of 
GexAsySe100-x-y (0 ≤ x ≤ 30, 10 ≤ y ≤ 40, 
2.1 ≤ <m> ≤ 3.0) glassy alloys and 
revealed that there were three sets of 
glasses with different behavior of elastic 
parameters versus <m>. They were: i) 
<m> ≈ 2.1 ÷ 2.51; ii) <m> ≈ 2.51 ÷ 
2.78; iii) <m> ≈ 2.78 ÷ 3.0. It was 
supposed that the structure of glasses of 
the first and the third sets is to be of 1D 
and 3D - type, correspondingly, and it 
did not essentially depend on the 
chemical composition. The situation for 
the glasses of the second set is more 
complicated. The analysis of our results 
and published works [27, 28] showed 
that the observed anomalies of elastic 
moduli dependencies on <m> could not 
be understand in the framework of 
insights about exclusively two-
dimensional structure of glasses. 
It is well-known that the infrared 
and Raman spectroscopic techniques are 
powerful tools for probing the structural 
properties of chalcogenide materials 
[29, 30]. For example, the analysis of 
Raman spectra of binary arsenic sulfide 
chalcogenide glasses, AsxS100-x, 
evidenced the presence of phase 
separation effects for x<25 [31] and the 
occurrence of intrinsic nanoscale phase 
separation for x = 40 [32, 33].  
 
2. Experimental  
Chalcogenide glasses 
GexAsySe100-x-y  (0 ≤ x ≤ 30, 10 ≤ y ≤ 40) 
(the compositions of alloys and their 
<m> are listed in Table 1 were 
synthesized by using elements (Ge, As, 
Se) of 6N purity, which were melted in 
evacuated (P~10-5 Torr) and sealed 
silica ampoules at 950 oC for 24 hours 
and subsequently quenched in air. 
Raman spectra were measured for 
reflected light beam at room 
temperature. The samples were 
prepared as  plane-parallel plates with 
optical quality surface. The standard 
back-scattering geometry of 
measurement was used. The laser line 
630 nm of 25 mW He-Ne laser was 
used as a light source. Scattered light 
was analyzed using DFS-24 
spectrophotometer. The measurements 
had been performed at split width 0.1 
nm corresponding to the selected 
energy interval δε = 6.5 ×10-4 eV. The 
velocity V of Raman spectra scanning 
was V = 1.5×10-4 eV/s, provided the 
exclusion of the time-dependent signal 
distortion because of δε/Vτ > 2 (τ = 1 s 
is a time-constant of recording system). 
 
3. Results 
Raman spectra of GexAsySe100-x-
y  glasses under study are shown in 
Fig.1. One can see that the alloys can be 
arranged into three sets with similar 
Raman spectra shape. Their mean 
coordination numbers are: i) <m> ≈ 
2.10 ÷ 2.40; ii) <m> ≈ 2.51 ÷ 2.78;  
iii) <m> ≈ 2.91 ÷ 3.00, respectively. 
Raman spectra of first set of 
glasses (curves 4, 5 and 6) include a 
broad main band with maximum at ν ≈ 
250cm-1 and a shoulder near ν ≈ 244cm-
1. The origin of these spectral features 
for glasses studied will be discussed. 
There is also the less intensive peak at  
ν ≈ 194cm-1 in Raman spectra of Ge-
containing glasses. Its intensity follows 
Ge content increasing (curves 5 - 8). It 
possibly arises from A1 bond-stretching 
mode of GeSe4  tetrahedron [35] (curve 
3). 
The most complex Raman 
spectra are observed for glasses of 
second set (curves 7, 8 and 9). For all 
the glasses the 194cm-1 peak is the 
dominant spectral feature. The spectra 
peculiarities over the range of 280 ÷ 
300 cm-1 may be attributed to ν3(F2) 
stretching mode of GeSe4 tetrahedron 
[35]. Another peak with intensity rising 
from Ge13.5As23.5Se63 to Ge22.5As32.5Se45  
is observed at ν ≈ 236cm-1. Its origin is 
not clear in our case but some 
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suppositions will be made. The 
vibration band at ν ≈ 212cm-1, 
appearing only for glasses of this set is 
of special interest. Its intensity 
corresponds to increasing Ge and As 
content. The so-called A1c companion 
peak is observed in Raman spectra of 
glassy GeSe2  [34] (curve 3), its origin 
appears as ambiguous  [10, 11, 35]. The 
next vibration mode at ν ≈ 130cm-1 is 
not revealed in Raman spectra of glassy 
AsxSe100-x-y  [10, 29], GeySe100-y [10, 36] 
and (GeSe2)x(As2Se3)100-x  [36]. 
However, it is inherent to the spectra of 
the third set alloys with essential 
content of Ge and As atoms. Raman 
spectra of Ge27As37Se36 and 
Ge30As40Se30  alloys (curves 10 and 11) 
demonstrate new spectral features in 
comparison with those of preceding 
sets. The peak at 182 cm-1 
(Ge27As37Se36) which shifts to the long-
wave region (ν ≈ 187 cm-1) for 
Ge30As40Se30 originates from the 
vibration of Ge-Ge bond in Ge2Se6/2 
[37] (curve 3). One can see that 
peak width decreases for 
Ge30As40Se30. The vibration 
band at ν ≈ 116 cm-1 is also 
observed for crystalline GeSe2 
[37]. The bands over the region 
of 280 ÷ 300 cm-1 with weak-
developed contour may be 
assigned to ν3(F2) vibration 
mode of GeSe4 tetrahedron 
(curve 3). Our results 
principally correlate with data 
of [28] for As50Se50 doped with 
1.0 at % Ge.  
4. Discussion 
The main band of 
glasses of the first set is similar 
to that of glassy Se (curve 1) 
[35]. In pure Se the 250 cm-1 
Raman band is assigned to A1 
and E2 modes of the Se8 ring 
molecule and a shoulder at 235 
cm-1 to the vibration modes of 
Sen  polymeric chain [36]. The 
ratio of Sen chains to Se8 rings 
was estimated [35] to be 0.23. 
Schöttmiller et al [36] have 
also reported that the 250 cm-1 
peak due to Se8 molecules was still the 
dominant spectral feature for AsxSe100-x 
(x ≤ 16) glassy alloys. In the framework 
of this model the observed peak-
shoulder intensities ratio may be 
considered as an evidence of preferable 
Se8 rings producing in examined 
glasses. At the same time, the peak at ν 
≈ 227 cm-1 was observed for Se-rich 
AsxSe100-x glassy materials [36]. This 
band was reported [36, 37] for glassy 
As2Se3 (curve 2) and is considered as 
assigned to A1 stretching mode of AsSe3  
pyramidal unit. The band near  ν ≈ 227 
cm-1 was attributed [36] to the growth of 
a polymeric network (AsSe3/2)n at the 
expense of Se8 molecules. As it follows 
from Fig.1 (curves 4, 5 and 6) the 
shoulder at 244 cm-1 broadens with 
increasing As concentration. It is in 
agreement with the assumed growth of 
the number of AsSe3/2 structural units. 
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FIG.1: Raman spectra of GexAsySe100-x-y glasses: 1 – Se ; 2 –
2 3As Se ; 3 – 2GeSe ; 4 – As10Se90; 5 – Ge4.5As14.5Se81; 6 –
 Ge10As20Se70; 7 – Ge13.5As23.5Se63; 8 – Ge18As28Se54; 9 –
 Ge22.5As32.5Se45; 10 – Ge27As37Se36; 11 – Ge30As40Se30 
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Thus, till now our results do not 
contradict to the above-mentioned 
insights [36-38] about structure of Se-
rich AsxSe100-x glasses. However, for the 
studied GexAsySe100-x- y samples  Ge and 
As contents are monotonously increased 
(see Table 1). The 194 cm-1 peak 
intensity follows Ge content increasing 
(curves 5 - 8). The Raman band at 201 
cm-1 was reported [39] for GeSe2 and 
was assigned to the A1 vibration mode 
of GeSe4  tetrahedral unit. Therefore, we 
can suppose the formation of GeSe4/2 
structural units (s.u.) in investigated 
glasses. The simultaneous formation of 
AsSe3/2 and GeSe4/2 units must cause 
essential decreasing the number of Se8  
rings while increasing Ge and As 
content. This conclusion is not 
conformed to our experimental results 
(the position and the shape of the main 
band are almost not changed except its 
broadening with the change of glass 
compositions). Therefore, we can 
suppose that the glassy alloys of the 
first set have essentially polymeric 
structure.  Polymeric chain Sen is their 
basic structural element. Branching Sen 
chains is promoted by Ge and As 
content increase. This conclusion is in 
agreement with our earlier experimental 
results [26] on elastic properties of 
studied glasses.  
Raman spectra of glasses of the 
next set (curves 7, 8 and 9) show 
enough intricate shape. The spectral 
features at ν ≈ 194 cm-1 and ones over 
the range 280 ÷ 300 cm-1 give an 
evidence for substantial density of 
GeSe4/2 units. The peak at 236 cm-1 may 
be attributed to AsSe3 pyramidal unit 
(see curve 2). However, very close to its 
position, 230 cm-1 band was observed 
[40] in Raman spectra of GexAs2Se3 
glasses and interpreted as corresponding 
to As-rich s.u. All studied glasses have 
an excess of As to Ge atoms. Besides 
this, there are not enough Se atoms for 
complete bonding of Ge and As atoms 
(Ge-Ge, Ge-As and As-As bonds must 
be produced) in the alloys of that set. 
Hence, in our case, 236 cm-1 band may 
be also attributed to As-rich structural 
elements. Now we can not suggest more 
rigorous and detailed structure model of 
these As-rich elements because of the 
absence of more detailed experimental 
data. Our supposition about As-rich 
fragments being in glasses under 
investigation is confirmed by studying 
the redox chemical reactions in Ge-As-
Se glasses [40]. Ge-compositions with 
low oxidation degree (GeSe) can reduce 
the As-based compositions. As a 
consequence of these processes, GeSe4/2 
s.u. must to be preferably formed. In Se-
rich glasses  GeSe4/2 units are produced 
not at the expense AsSe3/2 units. There 
are GeSe4/2, AsSe3/2 and SeSe2/2 s.u. in 
alloys. The structure of glasses is 
essentially polymeric independently on 
the ratio of Ge and As concentration. As 
for materials with small deficit of Se 
these redox processes are preferable in 
producing the variety of different 
structures in dependence on components 
ratio.  
The vibration band at 212 cm-1 is 
of special interest. Its intensity increases 
proportionally to Ge and As 
concentrations. The same band is 
observed in Raman spectra of glassy 
GeSe2 (see curve 3). There are some 
contradictory interpretations [10, 41, 
11] of its origin. 
Basing on the chemically 
ordered continuos random network 
(COCRN) model Lucovsky et al  [10, 
41] assumed that this band was due to 
splitting ν1(A1) mode of GeSe4  as the 
result of bonding between GeSe4 
tetrahedrons. However, as was showed 
in [42] for crystalline GeSe2 the angle 
between bonds at Se-atoms was equal to 
1000, so tetrahedral normal vibrations 
were weakly-bonded. Hence, the 
assumption about ν1(A1) mode splitting 
was not quite reasonable. The 
narrowness of that band (δν1/2/ν< 0.015) 
is an evidence of enough high symmetry 
of corresponding structural unit. 
Therefore, it can not be part of 
"random" network. At the same time, 
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Phillips et al [32] analyzing the isotopic 
shift from GeSe2 to GeS2 supposed that  
the 212 cm-1 band (A1c is a companion 
line) was caused by chalcogen motion. 
Taking also in account the regularities 
in Raman spectra of GexSe100-x glassy 
alloys in dependence on composition 
Phillips [11, 31, 42] suggested the 
structure model of glassy GeSe2. The 
basic structural element is sufficiently 
partially polymerized cluster, which is a 
fragment of the high-temperature layer 
structure of crystalline GeSe2. The 
characteristic feature of the cluster is 
the chalcogen dimers on its lateral 
edges. Their motion causes the 212 cm-1 
peak. This supposition is corroborated 
by theoretical stimulation of glassy 
GeSe2 Raman spectra [42]. The 
experimental results obtained and 
above-mentioned arguments make real 
existence of the Ge-based clusters in the 
structure of studied glasses. Thus, the 
structure of glasses (<m> ≈ 2.51 ÷ 2.78) 
includes Ge-based molecular clusters 
and As - rich structural groups. Their 
density is proportional to Ge and As 
content.  
Spectra of Ge27As37Se36 and 
Ge30As40Se30 alloys (curves 10 and 11) 
have not any peculiarities which may be 
attributed to polymeric or molecular 
fragments of glasses of preceding sets. 
There are some spectral signs of Ge-Ge 
bond (the peak at ν ≈ 187 cm-1), Ge-As 
bond (the peak at ν ≈ 130 cm-1) and Ge-
Se bond (the peculiarities over the 
region of 280 ÷ 300 cm-1). The 
proximity of s.u. vibration modes 
position and experimental difficulties in 
Raman spectra detection (the laser line 
is in the absorption region of glasses 
studied) may be a cause of the others 
bonds disappearance in spectra 
measured. These alloys are in the region 
in the phase diagram, where according 
to Feltz [40] the glass structure is 
essentially 3D. Basing on these 
arguments one can suppose 3D network 
structure for glasses of this set. 
5. Conclusion 
Basing on Raman spectra of 
GexAsySe100-x-y  (0 ≤ x ≤ 30; 10 ≤ y ≤ 40) 
glasses we have determined that their 
structure type is dependent partially on 
mean coordination number. The alloys 
with <m> ≈ 2.1 ÷ 2.4 exhibit the 
polymeric structure based on Sen  chains 
which are cross-linked by Ge and As 
atoms. The basic structural units of this 
group of glasses are SeSe2/2, AsSe3/2 
and GeSe4/2.The structure of second set 
glasses (<m> ≈ 2.51 ÷ 2.78) is derived 
from 2D Ge-based molecular clusters 
and As-rich structural fragments. Glassy 
Ge27As37Se36 and Ge30As40Se30 (<m> ≈ 
2.91 ÷ 3.00) compose the third set of 
alloys with 3D network. 
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Table 1. The compositions of the examined chalcogenide glassy 
( )x y 100-x-yGe As Se  0 30, 10 40x y≤ ≤ ≤ ≤  alloys and their mean coordination numbers <m>. 
 
N Composition <m> N Composition <m> 
1 As10Se90 2.10 5 Ge18As28Se54 2.64 
2 Ge4.5As14.5Se81 2.24 6 Ge22.5As32.5Se45 2.78 
3 Ge10As20Se70 2.40 7 Ge27As37Se36 2.91 
4 Ge13.5As23.5 Se63 2.51 8 Ge30As40Se30 3.00 
 
 
